The dentate gyrus of the hippocampus is an exception to a 'neurogenesis-unfriendly' environment of the adult brain. New functional neurons generated in this region contribute to learning and mood regulation, and thus represent a unique form of neural plasticity. The rate of hippocampal neurogenesis significantly changes on physiological or pathological influences, such as physical activity, environmental enrichment, stress, and aging. We suggest that epigenetic mechanisms could be sensors of environmental changes and fine modulators of adult hippocampal neurogenesis. Here, we examine the role of DNA methylation and methylation of core histones mediated by the Polycomb and Trithorax complexes in the regulation of adult neurogenesis. Given the recent surprising discovery of dynamic and reversible DNA methylation in the hippocampus, we speculate regarding its regulation and its role in adult neurogenesis.
Introduction
'Chromatin can't be important otherwise bacteria would have it. ' A comment made a few years ago at a transcription meeting (Ordway and Curran, 2002) .
If only genomes were important, humans would not have developed more than mice, and plants would have had the same chance of ruling the world (as human, mouse, and Arabidopsis genome share the same number of genes, approximately 25 000). In fact, it is the epigenome that has tremendously evolved since the appearance of the first multicellular organisms. The epigenome consists of non-coding RNA and chromatin, a proteinaceous matrix surrounding DNA. The dynamic interactions of post-translationally modified chromatin proteins, covalently modified cytosines inside DNA (also known as the fifth and sixth bases) and non-coding RNA define the complex pattern of gene expression beyond the four bases of DNA (Jenuwein and Allis, 2001; Bird, 2002; Bergmann and Lane, 2003) .
The terms epigenetics, that is, interplay between genes and environment resulting in phenotype, and epigenetic landscape, that is, the differentiation potential of any cell, were coined by the developmental biologist Conrad Waddington (Waddington, 1940) . Methylation of DNA was the first proposed molecular mechanism behind Waddington's hypothesis (Holliday and Pugh, 1975) . Indeed, DNA methylation was later linked to heritable inactivation of X chromosomes and genomic imprinting (Wolffe and Matzke, 1999) . The understanding of DNA methylation as a long-lasting cellular memory necessary to maintain a cellular phenotype has recently been challenged by discoveries of its dynamic nature (Miller and Sweatt, 2007; Kangaspeska et al., 2008; Metivier et al., 2008) . DNA methylation is now also seen as a dynamic epigenetic change, such as histone acetylation and methylation (Bird, 2007) .
Simple organisms, such as bacteria, increase their rate of spontaneous mutations to enable the survival of species in a changing environment. Multicellular organisms use complex mechanisms coordinated by the central nervous system to behaviorally adapt to changing environments without paying the high price of mutating their genome (Colvis et al., 2005) . Their behavioral adaptation depends on learning and long-term changes in synaptic connectivity (Kandel, 1984) , often mediated or supported by epigenetic mechanisms (Fischer et al., 2007; Guan et al., 2009; Roth and Sweatt, 2009; Sweatt, 2009) . Given the essential role of the hippocampus in learning and memory, it is not too surprising that the first evidence of dynamic DNA methylation in the adult central nervous system was found here (Miller and Sweatt, 2007) . The hippocampus is also one of the two regions in which a specialized form of neural plasticity, that is, the generation of new functional neurons from neural stem cells, occurs throughout adult life. This process, which is also termed adult hippocampal neurogenesis, contributes to learning and memory formation and the regulation of mood (Drapeau et al., 2003; Zhao et al., 2008) .
This review focuses on the emerging appreciation of dynamic epigenetic mechanisms regulating adult hippocampal neurogenesis. First, we examine the epigenetic modifications involved in the control of neurogenesis in the adult hippocampus. For clarity, regulators of adult hippocampal neurogenesis will be divided into intrinsic factors, that is, transcription factors (TFs) that are synthesized by the developing neural precursors and neurons, and extrinsic factors, that is, growth factors and neurotrophins secreted from the surrounding niche. The emphasis will be put on DNA methylation and histone methylation through the Polycomb (PcG) and Trithorax (TrxG) complexes. For other epigenetic mechanisms, including ATP-dependent chromatin remodeling, histone de/acetylation, neuron-restrictive silencing factor (NRSF/REST)-mediated gene regulation and non-coding RNA, we refer the reader to excellent reviews (Ballas et al., 2005; Hsieh and Gage, 2005; Hamby et al., 2008; Hsieh and Eisch, 2010) . Secondly, we analyze the evidence suggesting that DNA methylation may transmit the environmental influence on the regulation of adult neurogenesis. Finally, we speculate about one of the hottest questions in epigenetics today: what might be the role of dynamic DNA methylation in neurogenesis and how might it be regulated?
Epigenetic control of intrinsic factors of adult hippocampal neurogenesis The development of hippocampal dentate granule neurons from neural stem cells is regulated by a series of cell-autonomous or intrinsic gene expression programs that are controlled by TFs; (see, Figure 1 for the description of stages of neuronal development in the adult hippocampus). Neural stem cells are located in the subgranular zone of the dentate gyrus. These cells are slowly dividing and display a radial glia-like morphology. It has been suggested that these radial glia-like stem cells (type 1 cells) give rise to highly proliferative, non-radial neural stem cells (type 2 cells), which will be referred to here as neural progenitor cells (NPCs). Type 2 cells commit to a neuronal fate and differentiate into immature neurons that will subsequently mature into functional granule neurons and integrate into the existing hippocampal neural network.
Although the identity of the primary neural stem cell in the hippocampus and the lineage relationship between type 1 and type 2 cells is currently controversial (Tropepe, 2007) , there is a consensus that the undifferentiated state and self-renewal of adult NPCs is controlled by the high-mobility-group DNA-binding protein Sox2 (Suh et al., 2007) . The neuronal lineage commitment of NPCs, their exit from the cell cycle and further neuronal maturation is initiated by TFs of the basic helix-loop-helix (bHLH) family: Ngn2, NeuroD1 and NeuroD2 (Pleasure et al., 2000; Ozen et al., 2007; Gao et al., 2009; Kuwabara et al., 2009; Roybon et al., 2009) . The TFs of the SoxC family, Sox4 and Sox11, also seem to be transiently expressed during early stages of neuronal fate commitment (Figure 1 ), but their role in adult neurogenesis is presently unknown (Bergsland et al., 2006; Haslinger et al., 2009 
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Stem cell (Type2) Figure 1 Dentate gyrus of the adult hippocampus continuously generates neurons. Type 1 cell represents a rarely dividing radial glia-like stem cell and Type 2 cell represents a rapidly and transiently proliferating stem/progenitor cell. These cells are situated in the subgranular zone (SGZ) of the dentate gyrus. Type 2 cells will become neuronally committed and further develop into a mature neuron that will integrate into the granular zone (GZ) of the dentate gyrus. Radial glia-like cells and neurons project their dendrites into the molecular layer (ML). Extrinsic factors that influence adult neurogenesis are shown in green boxes. Intrinsic factors involved in hippocampal neurogenesis and their temporal expression are depicted in grey rectangles. The epigenetic mechanisms that may regulate extrinsic and intrinsic factors are shown in bubbles. BDNF, brain-derived neurotrophic factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; GABA, g-amino-n-butyric acid A; GCL, granule cell layer; Glu, glutamate; ML, molecular layer; SGZ, subgranular zone.
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Role of DNA methylation is still unclear One of the earliest proposed roles for DNA methylation was the restriction of developmental potentials and prevention of de-differentiation of terminally differentiated cells (Hochedlinger and Plath, 2009) . Its role in cellular differentiation was disputed (Walsh and Bestor, 1999 ) and the current model is that, at least, repression of inactive X chromosomes and imprinted genes (silencing of parasitic sequence elements is still questionable) depends on heritable DNA methylation (Suzuki and Bird, 2008) . In differentiated mammalian cells, DNA methylation seems restricted to CG dinucleotides; however, some studies have also detected non-CG methylation (Woodcock et al., 1987; Inoue and Oishi, 2005; Metivier et al., 2008) . The CG methylation is thought to alter chromatin density and DNA accessibility by blocking the binding of TFs to their cognate DNA sequences and/or increasing the recruitment of the methyl-binding proteins and histone deacetylases (Bird, 2002) . In addition to high levels of CG methylation, embryonic stem cells also exhibit abundant non-CG methylation in mCHG and mCHH contexts where H ¼ A, C or T (Ramsahoye et al., 2000; . Non-CG methylation might have an important role in the maintenance of pluripotency, as it re-appears in induced pluripotent cells and is abundant in gene bodies of highly expressed genes . Both non-CG methylation and some CG methylation seem to be enriched on transcribed strands, yet, the relevance of such asymmetric methylation is currently unknown (Inoue and Oishi, 2005; Metivier et al., 2008; . Methylation of DNA is catalyzed by DNA methyltransferases (DNMTs). The DNMT1 protein faithfully maintains the pattern of methylated CGs that would otherwise become lost through cell divisions, whereas the de novo methyltransferases, DNMT3a/b, can also catalyze non-CG methylation (Suetake et al., 2003; Metivier et al., 2008; . The expression levels of DNMTs usually decrease as cells differentiate; however, DNMT1 and DNMT3a remain expressed even in the largely post-mitotic adult brain, including the hippocampus (Feng et al., 2005) .
As no systematic analysis of DNA methylation during neuronal development in vivo has been performed yet, it is still unclear whether adult hippocampal neurogenesis uses DNA methylation for repression of multipotency genes, such as Sox2, and/or transient-fate determinants, such as the bHLH and SoxC family members. Here, we will present the evidence from genome-wide methylation profiling of 15,100 validated promoters during in vitro neuronal differentiation of embryonic stem cells (ESCs; Mohn et al., 2008) . The loss of methylation was observed in 0.1% of analyzed promoters and was largely restricted to the brain-specific genes. The gain of methylation was 20 times more frequent and it occurred on promoters of germline-specific and pluripotency genes, including Nanog and Oct4. In addition to Nanog and Oct4, Sox2 is an essential component of transcriptional networks controlling pluripotency of ESCs (Masui et al., 2007) and multipotency of hippocampal NPCs (Suh et al., 2007) . Surprisingly, the Sox2 proximal promoter stays methylation-free in differentiated ESCderived glutamatergic neurons and in adult brain tissue Mohn et al., 2008) . However, the Sox2 upstream enhancer SRR1 was found to be methylated in astrocytes and neurons derived from the embryonic carcinoma NT2-D1 cells (Sikorska et al., 2008) . In this model system, Sox2 enhancer methylation in astrocytes seemed to be reversible, as the addition of growth factors caused its transient demethylation and Sox2 messenger RNA (mRNA) upregulation. This intriguing finding of reversible Sox2 methylation adds to the recent evidence showing the dynamic face of DNA methylation Ma et al., 2009b) . Nevertheless, as the prolonged passaging or differentiation of cultures in vitro yields abnormal accumulation of DNA methylation and this often occurs on genes that are usually never methylated (Shen et al., 2006; Allegrucci et al., 2007; Meissner et al., 2008) , the aforementioned observation of dynamic Sox2 enhancer methylation awaits to be confirmed in vivo.
Similarly to Sox2, the promoter methylation of transient fate determinants of the bHLH and SoxC families was also not detected neither in stem nor in differentiated cells (Fouse et al., 2008; Meissner et al., 2008; Mohn et al., 2008) . As the promoters of these genes are high CpG island promoters, this might explain their DNA methylation-free status (Weber et al., 2007; Mohn et al., 2008; Suzuki and Bird, 2008) . Nevertheless, one should keep in mind that small changes in DNA methylation (situated on only one or a few not densely packed CGs) might not be detected by genome-wide DNA methylation profiling methods, such as the methyl-cytosine immunoprecipitation and reduced-representation bisulfite sequencing used in the above-mentioned studies (Fouse et al., 2008; Meissner et al., 2008; Mohn et al., 2008) . Here we will provide one example. The above genome-wide studies did not detect any profound methylation of NeuroD1 and NeuroD2 in ESC-derived glutamatergic neurons, the brain tissue and various non-neural differentiated cells Mohn et al., 2008) . However, using a highly sensitive MethyLight method (Eads et al., 2000) , the age-dependent increase in the methylation of NeuroD1 and NeuroD2 promoters was detected in the cortex (Siegmund et al., 2007) . The accumulated methylation occurred on CGs overlapping with the Egr1/NGFI-A/Zif268/Krox-24-binding sequence that is positioned close to the putative binding sites of Neurogenins (Ngn), neuronal determination factors that directly stimulate expression of NeuroD1 (Bertrand et al., 2002) . Interestingly, adverse early-life conditions, such as motheroffspring neglect and childhood abuse were found to increase the methylation of Egr-1-binding sequences causing lower expression of Egr1 target genes later in adult life McGowan et al., 2009) . As adult neurogenesis is negatively correlated with stress and depression (Zhao et al., 2008) and major depression correlates with increased DNA methylation in the cortex (Veldic et al., 2005) , this raises an intriguing possibility: could the depression-linked decrease in adult neurogenesis be a consequence of the increased methylation of NeuroD1 promoter in developing neurons?
Taken together, DNA methylome profiling of ESCderived neurogenesis in vitro showed that the majority of de novo promoter methylation changes occur between the transition from pluripotent cells (ESCs) to lineagerestricted progenitor state (NPCs) and, most surprisingly, not during their further transition into terminally differentiated neurons ( neurogenesis, promoter hypermethylation might not be responsible for the final repression of intrinsic fate-determination TFs, which occurs in later stages of neuronal development (Figure 1 ). Nevertheless, one should keep in mind that the subtle changes of DNA methylation on individual CG sites during neuronal maturation might have escaped detection in these studies.
Dynamic control by PcG and TrxG group
Members of the PcG complex catalyze trimethylation of lysine 27 of histone 3 (H3K27me3), which leads to transcriptional repression through local heterochromatin formation (for review, see Cedar and Bergman (2009) ) and/or inhibition of transcriptional elongation through stalling of RNA polymerase II (Stock et al., 2007) . It remains elusive how PcG complexes are recruited to chromatin in mammals (Hublitz et al., 2009 ). TrxG complex is recruited by RNA polymerase II and catalyzes H3K4 trimethylation (H3K4me3) of promoterproximal nucleosomes (Hughes et al., 2004) . However, the presence of H3K4me3 does not predict efficient gene expression as the majority of inactive genes experience transcription initiation (Guenther et al., 2007) . H3K27me3 and H3K4me3 can co-occupy the same promoters and such 'bivalent chromatin structure' is thought to allow fast activation of gene expression (Bernstein et al., 2006; Zhao et al., 2007b) . Typically, Polycomb-induced repression is easy to reverse and dynamic gain and loss of Polycomb-and Trithorax-mediated histone modifications occur during in vitro developmental progression from ESCs to fully differentiated neurons (Mohn et al., 2008; Nottke et al., 2009) .
The PcG-mediated repression of the Sox2 promoter occurs during differentiation of NPCs (Mohn et al., 2008) and in differentiated cells, such as murine embryonic fibroblasts (Mikkelsen et al., 2007) . How PcG complexes get recruited to the Sox2 promoter during neuronal differentiation is not known. Unlike the pluripotency and multipotency factor Sox2, developmental TFs, such as Ngn2, NeuroD1, NeuroD2, Sox4, and Sox11 are repressed by a PcG-mediated mechanism already in pluripotent ESCs. They all have bivalent promoters (that is, both H3K27me3 and H3K4me3) suggesting that they are poised to be activated (Mikkelsen et al., 2007; Fouse et al., 2008; Mohn et al., 2008) . In multipotent NPCs, Ngn1, Ngn2, and NeuroD2 retain the 'closed' (H3K27me3) promoter conformation, whereas promoters of Sox4 and Sox11 become 'open' (no H3K27me3; Mikkelsen et al., 2007; Mohn et al., 2008) . Such a promoter conformation might allow the SoxC family members to become transcribed before the bHLH-family members, yet whether this would also occur in uncommitted type II cells during hippocampal neurogenesis remains elusive. The role of the SoxC family in neuronal development is not fully understood and it was suggested that SoxC proteins control the establishment of pan-neuronal gene expression (Bergsland et al., 2006) in contrast to proneural bHLH proteins that have been linked to the control of neuronal subtype identity (Berninger et al., 2007) . However, Sox4 and Sox11 might also have other functions as they are expressed during other adult differentiation programs, such as in oligodendrocytes, lymphocytes, pancreatic beta cells and osteoblasts (Kuhlbrodt et al., 1998; Potzner et al., 2007; Penzo-Mendez, 2010) , in many malignancies and behave as oncogenes (Ikushima et al., 2009; Scharer et al., 2009) . Taken together, proneural bHLH and SoxC TFs-while both are involved in neuronal fate determination and differentiation-seem to be regulated by a distinct temporal pattern of PcG-mediated repression. Whether such differential temporal control is causally linked to their differential function in neuronal fate determination and differentiation remains to be clarified.
Given the repression of the proneurogenic bHLH by H3K27me3, it is plausible that histone demethylases could be involved in neuronal fate determination through removal of the H3K27me3 marks and activation of pro-neurogenic bHLH factors. Jmjd3/Kdm6b, a member of the Jumonji C family of histone demethylases, stimulates neurogenesis in the embryonic central nervous system and in neural commitment in vitro (Jepsen et al., 2007; Burgold et al., 2008) . Which factors might recruit histone demethylases to their proneural TF targets is still a mystery. This brings us to the next speculation: could the presence of Jmjd3 or the ability to recruit it to the pro-neurogenic TFs be a molecular determinant of neurogenic activity in the adult brain? Except for the two specialized neurogenic areas, the dentate gyrus of the hippocampus and the subventricular zone of the lateral ventricle, neural stem cells in the adult brain generally give rise to glia. Interestingly, NPCs transplanted from the gliogenic (for example, the spinal cord or the substantia nigra) to neurogenic areas of the adult brain (dentate gyrus of the hippocampus) start to differentiate into neurons rather than into glia (Shihabuddin et al., 2000; Lie et al., 2002) . This indicates that the extrinsic signals from the local environment can redirect the fate of transplanted NPCs. Does such fate switch involve the activation or the proper recruitment of the endogenous H3K27me3 demethylases? Finding the proper chemical compounds that could activate the expression of appropriate histone demethylases and thus stimulate neuronal determination programs would be of tremendous significance for efficient neuronal regeneration after injuries in non-neurogenic regions of the adult brain.
The importance of being CG-rich and the curious case of Sox2 Transcription factors involved in adult neurogenesis are single-exon genes, for example, Sox2, Sox4, and Sox11, or two-exon genes, for example, Ngn2, NeuroD1, and NeuroD2, that are embedded in long stretches of high CG densities (CpG islands). The sizes of their CpG islands range between 1200-2500 bps with the exception of a shorter CpG island in NeuroD1. Such a genomic organization might offer several advantages. First, the intron-poor structure might allow their fast rate of transcription and a rapid adaptation to a changing environment (Jeffares et al., 2008) , which might be one of the potent mechanisms modulating the rate of adult neurogenesis. Second, as CG-rich genes are preferentially regulated at the transcriptional elongation stage, this might give them a selective advantage of becoming rapidly upregulated on appropriate stimuli ( (Chambers et al., 2007; Chang et al., 2008; Hayashi et al., 2008) . Whether the fast and fluctuating expression might be linked and caused by their CG-rich promoters is not known, however, it has been speculated that stochastic fluctuations allow the fast switching in cell-fate decisions in undifferentiated cells (Mohn and Schubeler, 2009) . Do similar phenomena hold true for anti-differentiation (Sox2) and neurogenic determination (Ngn2, NeuroD) factors in adult hippocampal NPCs? So far, there has been no study analyzing this question, however, there is intriguing evidence that both classes might show fluctuating gene expression. For example, Ngn2 protein already appears days before the onset of the neuronal differentiation of early embryonic NPCs. As Ngn2 expression follows an oscillatory pattern, it was proposed that this would yield Ngn2 protein levels that are too low and insufficient to stimulate neuronal differentiation (Shimojo et al., 2008 ). Whether such a low level of Ngn2 in early NPCs is caused by its CG-rich structure-mediated leaky and inefficient transcription is not known. Genome-wide chromatin immunoprecipitation profiling of Sox2 downstream targets in ESCs surprisingly showed that one-half of all Sox2/Oct/Nanog-bound genes represent CG-rich developmental TFs (Kim et al., 2008) . These included pro-neurogenic TFs (Ngn1 and Ngn2), pro-gliogenic TFs (Olig 3), and many other developmental TFs (Dlx1, Dlx5, Pitx2, HoxC, Pax3 and so on). Knowing that Sox2 is essential for keeping cells undifferentiated, why would it interact with the promoters of developmental TFs at all? This evidence (contradictory at first glance) was explained by the repressive activity of Sox2 (Bylund et al., 2003; Kim et al., 2008; Kuwabara et al., 2009) . Similarly, in vitro evidence showed that lower levels of Sox2 activate the transcription of pluripotency genes, whereas higher levels of Sox2 repress it (Boer et al., 2007) . Nevertheless, in vitro data should be analyzed with caution, as overloading artificially high levels of TFs may create effects that do not exist in vivo. As the pluripotency genes, such as Nanog, also show fluctuating expression in ESCs (Chambers et al., 2007) , could this imply that the transcription of the Sox2 gene also fluctuates and causes oscillatory expression of developmental TFs without leading to differentiation? Whether the latter would occur through the increased elongation efficiency of appropriate developmental TFs triggered by a certain differentiation cue remains to be verified.
Overall, intron-poor and CG-rich structure might be an advantage for the intrinsic TFs of adult neurogenesis. It might allow their fast transcriptional activation by environment-mediated differentiation cues without the need for chromatin remodeling. It will be interesting to determine whether the NPCs of the adult brain also use fluctuating gene expression and how this relates to their decision to generate neurons or astrocytes.
Epigenetic control of extrinsic factors of adult hippocampal neurogenesis
The rate of hippocampal neurogenesis is not static but is dynamically regulated by environmental influences and complex behavior. Stress and aging are among the most potent negative regulators of hippocampal neurogenesis. In contrast, exposure to an enriched environment, physical activity, and learning increase the generation of new neurons, which lead to the hypothesis that the rate of neurogenesis is constantly adapting to the needs of the hippocampal circuitry (Zhao et al., 2008) . Extrinsic factors, such as growth factors and neurotransmitters, secreted by the stem cell niche, diffusing from the nearby vasculature or released from synaptic connections relay the environmental influence onto the progression of neurogenesis in the adult hippocampus (see Figure 1) . As there has been less evidence about their regulation by histone methylation, we will present the evidence about their DNA methylation.
Fgf signaling: In a recent study, fibroblast growth factor 1 (Fgf-1) was found to be one of the environmental signals promoting adult hippocampal neurogenesis (Ma et al., 2009b) . Hippocampal network activity in the physiological context and in the context of epilepsy and of anti-depressive electro-convulsive treatment is a potent stimulator of adult hippocampal neurogenesis. Ma et al. used electro-convulsive treatment to examine genomewide changes in DNA methylation that correlate with increased adult hippocampal neurogenesis. Astonishingly, electro-convulsive treatment induced a transient decrease in methylation of the Fgf-1 brainspecific promoter in mature dentate granule neurons. Methylation levels of the Fgf-1 promoter returned to initial levels a few hours later and correlated with a transient increase in Fgf-1 mRNA expression. This breakthrough study provided the first evidence that stimulation of adult neurogenesis might be regulated through transient DNA demethylation of extrinsic factors in the hippocampal neurogenic niche.
Other members of the Fgf family and a receptor of Fgf ligands see to be also regulated by DNA methylation. A genome-wide DNA methylation profiling study showed that Fgf16, Fgf17, Fgf20 and Fgfr4 are highly methylated in cultured astrocytes . Given the essential role of astrocytes in the hippocampal neurogenic niche in the control of neurogenesis (Song et al., 2002) , it is tempting to speculate that dynamic promoter methylation might regulate expression of these Fgfs and contribute to the regulation of adult hippocampal neurogenesis.
Wnt signaling: Astrocytes in the adult dentate gyrus stimulate neurogenesis through secretion of Wnt molecules (Lie et al., 2005) . Intriguingly, the promoters of Wnt3, Wnt10b, and Wnt2 were highly methylated in ESC-derived astrocytes . This was surprising because the promoters of Wnt genes contain strong CpG islands that usually stay methylation-free (Bird, 2002) . As the extent of their methylation was much lower in the brain and in lower passage astrocytes, the authors concluded that their high methylation may just be an in vitro artifact of the prolonged passaging of cells , a phenomenon that was previously observed (Shen et al., 2006; Allegrucci et al., 2007) . It will be interesting to determine whether aging increases DNA methylation of astrocyte-secreted Wnt factors, which might explain the lower rate of neurogenesis in old brain (Zhao et al., 2008) and the observation that early postnatal astrocytes are more efficient in promoting the in vitro neuronal differentiation of NPCs than astrocytes derived from the adult brain (Song et al., 2002 ).
GABA signaling: Increased hippocampal activity correlates with the increased release of the neurotransmitter g-amino-n-butyric acid A (GABA). Increased GABAergic signaling promotes the proliferation of NPCs and their neuronal fate determination through induction of NeuroD1 (Deisseroth et al., 2004; Tozuka et al., 2005) . Examination of cortical tissue of aged subjects and of patients who suffered from neuropsychiatric disorders suggested that DNA methylation might regulate the expression of the enzymes and receptors involved in GABA signaling. For example, GABA-synthesizing glutamic acid decarboxylase 65 (GAD65/GAD1) and GABA receptor alpha 2 (GABRA2) showed age-dependent increase in their DNA methylation (Siegmund et al., 2007) , whereas GABA receptor alpha 1 (GABRA1; Poulter et al., 2008) and glutamic acid decarboxylase 67 (GAD67/GAD2) were methylated more in suicide/major depressive disorder victims and in schizophrenic and psychotic patients, respectively (Veldic et al., 2005) . In all cases, increased DNA methylation was inversely correlated with mRNA levels. There has been, so far, no direct evidence that DNA methylation (or any other epigenetic mechanism) could regulate the GABA signaling-stimulated hippocampal neurogenesis.
Reelin
Reelin is an extracellular matrix protein that is implicated in embryonic and adult neurogenesis. Migration of immature neurons is coordinated by Reelin and in its absence, the development, and maintenance of the radial glia-like stem cells (type 1 cells) is impaired (Zhao et al., 2007a; Sibbe et al., 2009 ). The first indication of Reelin regulation by DNA methylation comes from the studies on patients with schizophrenia and psychotic bipolar disorder, in which lower mRNA levels of Reelin correlated with its promoter hypermethylation (Veldic et al., 2005) .
The first firm proof of dynamic DNA methylation in the adult brain came from a seminal study by Miller and Sweatt (2007) , who investigated DNA methylation in the CA1 region of the hippocampus (see Figure 2 ) and its role in memory consolidation. In the context of fearconditioning training, rapid demethylation of Reelin already occurred within 1 h and this demethylation event was essential for the transcriptional activation of Reelin and memory formation. Methylation of the Reelin gene returned to initial levels several hours after fear-conditioning training-a surprising piece of evidence that DNA methylation in post-mitotic cells can be dynamic and reversible (Miller and Sweatt, 2007 ).
Brain-derived neurotrophic factor
Brain-derived neurotrophic factor (BDNF) is a neurotrophin that promotes the proliferation of neural precursors and the maturation and integration of newly generated neurons in adult hippocampal neurogenesis (Bergami et al., 2008; Li and Keifer, 2009) . It is normally synthesized in mature neurons in the granular cell layer of the dentate gyrus at much higher concentration than in other neurons of the brain and is localized in their axons (Scharfman, 2004) . In vitro depolarization increased transcription of Bdnf, which correlated with a decrease in methylation of some of its promoter CGs (Chen et al., 2003; Martinowich et al., 2003) . In addition, DNA demethylation of the distinct Bdnf promoters occurred during memory consolidation and neurogenesis in adult hippocampus (see, Figure 2 ; Lubin et al., 2008; Ma et al., 2009b) . Dynamic DNA methylation: necessary for environmental regulation of adult neurogenesis? The rate of neurogenesis in adult hippocampus is regulated at several stages: (i) proliferation of neural progenitors (ii) survival of newborn neurons and (iii) maturation and integration of newly generated neurons (Figure 1 ). Several thousands of neurons are produced each day in the hippocampus of adult rodents, yet only a fraction of them finally survive (Kempermann et al., 2003) . The low survival of adult-born neurons might be a consequence of a selection for neurons that are best fitted to the actual environmental demands; however, the responsible molecular mechanisms are not clear. Here, we examine the hypothesis that dynamic DNA methylation, recently discovered to be essential for hippocampal-dependent learning and memory formation, could transmit the physiological and pathological influences onto adult neurogenesis.
Environmental influences are strong modulators of adult hippocampal neurogenesis. The proliferation of NPCs is enhanced by anti-depressive treatments, seizures, and physical activity, whereas their fate determination and maturation are strongly impaired in aging and stress (Zhao et al., 2008) . Interestingly, physical activity counteracts some adverse effects of aging on neuronal maturation (van Praag et al., 2005) . Aging seems to decrease the neurogenic character of the hippocampal stem cell niche because stem cells in the aged dentate gyrus show decreased proliferation and generate less neurons but more astrocytes (van Praag et al., 2005) . Voluntary running of old animals augments the number of their newborn neurons to the same extent as running of young animals. Voluntary exercise induces the expression of BDNF and Fgf2 in the adult brain (Cotman and Berchtold, 2002) and these and other neurotrophins and growth factors have been recently found to be regulated by dynamic and reversible DNA methylation (Veldic et al., 2005; Miller and Sweatt, 2007; Lubin et al., 2008; Ma et al., 2009b) . Running also increases the expression of Egr1/NGFI-A/Zif268/Krox-24, an immediate early gene (Tong et al., 2001) . What role it has in adult neurogenesis, that is, whether it can stimulate the expression of intrinsic factors, such as NeuroD in NPCs/developing neurons, remains elusive.
Despite the running-mediated increase in neurogenesis in old animals, the total number of neurons they generate is still much lower than in non-running young animals. This suggests that some of the mechanisms that repress neurogenesis in old brain might stay irreversible. As an accumulation of DNA methylation of intrinsic factors, such as Sox2, NeuroD1 and NeuroD2, has been detected in cultured astrocytes and in the aged cortex (Siegmund et al., 2007; Sikorska et al., 2008) , we raise the following questions: (i) does the observed methylation of Sox2 in astrocytes also occur in aged stem cells and would it decrease their ability to differentiate and give rise to new neurons? (ii) Does the age-correlated increase in DNA methylation of NeuroD1/2 also occur in aged
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NPCs/immature neurons, thus restraining their further maturation through, for example, decreased affinity for the Egr1/NGFI-A/Zif268/Krox-24 TF? (iii) Are the epigenetic mechanisms repressing the extrinsic regulators of neurogenesis easier to reverse than the epigenetic mechanisms controlling the intrinsic regulators of neurogenesis?
Increased synaptic plasticity and lower threshold to induce long term potentiation are characteristic features of newborn neurons in adult hippocampus (Ge et al., 2007) . While it has been shown that the expression of T-Type Calcium Channel (Schmidt-Hieber et al., 2004) and the expression of the NMDA Receptor 2B subunit (Ge et al., 2007) are involved in mediating their increased plasticity, it remains unknown which additional factors contribute to their unique neurophysiological properties. Curiously, ongoing dynamic regulation of DNA de/methylation processes might be necessary for the induction of long term potentiation and plasticity, thus allowing proper learning and memory consolidation. For example, exposure to an enriched environment promotes the maturation of newborn neurons in adult hippocampus (Zhao et al., 2008) and strongly induces Dnmt1 mRNA in the mouse cortex (Rampon et al., 2000) . At this stage, it is not known whether the latter also occurs in the adult hippocampus. Addition of zebularine and 5-aza-2-deoxycytidine, inhibitors of DNMT activity, blocks the induction of long-term potentiation in hippocampal slices (Levenson et al., 2006) . Similarly, infusion of DNA methylation inhibitors into the CA1 region of the hippocampus disturbs the hippocampal tasks, such as learning and memory consolidation, despite the increased levels of Bdnf transcripts (Miller and Sweatt, 2007; Lubin et al., 2008) . Despite the concern (Miller and Sweatt, 2007; Lubin et al., 2008) ; (iii) Pyramidal neurons of the CA3 region in the offspring have perturbed levels of DNA methylation due to maternal cocaine administration during the late stages of gestation (Novikova et al., 2008) . Note: Gain or loss of DNA methylation is indicated by arrows. Red and green cells in the DG correspond to the 4-week-old adult-born neurons that were labeled with red/green retroviruses. Blue cells correspond to the 4',6-diamidino-2-phenylindole (DAPI)-stained nuclei representing neurons and glial cells. (Images of the Nissl-stained section of the mouse brain and the fluorescently stained section of hippocampus are courtesy of E Englberger and S Herold.)
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In conclusion, a common trait of the described complex behavioral conditions and their positive/negative influence on adult neurogenesis is the change of microenvironmental properties in the brain. Dynamic changes in DNA methylation of extrinsic factors seem to have a role in the regulation of neuronal proliferation and survival.
Understanding the dynamics of DNA methylation Methylation of DNA of the whole genome is remarkably reset during early embryonic life (for more information, see Figure 3 ; Reik, 2007) . Owing to such global re-establishment of methylation patterns, early pregnancy is thought to be particularly sensitive to adverse environmental influences, such as inadequate nutrition or stress, which have been correlated with increased emergence of anxiety, diabetes, obesity, and cancer in adulthood (Jirtle and Skinner, 2007) . In addition, adverse postnatal social environment seems to alter DNA methylation, leading to higher stress responses in adult life (Liu et al., 1997; McGowan et al., 2008 McGowan et al., , 2009 ). To summarize, these studies suggested that distinct genes, during certain developmental stages, may be prone to DNA methylation alterations, which, at least in some cases, persist into adult life.
However, a wealth of recent and unexpected evidence pointed out that DNA methylation is also dynamic and reversible. For example, estrogen-induced gene transcription of the pS2 gene showed striking cyclic changes in its promoter DNA methylation (Kangaspeska et al., 2008; Metivier et al., 2008) . Maternal cocaine exposure during the second and third trimesters of gestation in mice altered the DNA methylome in the hippocampus of the offspring (Novikova et al., 2008) . In this paradigm, some of the abnormally methylated targets disappeared in the postnatal stage, whereas others emerged at the prepubertal stage. This evidence of dynamic changes in global DNA methylation in the postnatal hippocampus goes in line with two recent observations confirming dynamic and reversible DNA methylation in the adult hippocampus (see Figure 2) . The study by the Sweatt group (Miller and Sweatt, 2007) discovered that memory consolidation, a typical hippocampal task, depends on active DNA de/methylation, whereas the study by the Song and colleagues (Ma et al., 2009b) provided the first evidence that dynamic DNA methylation would regulate hippocampal neurogenesis.
Which genomic regions could be preferentially regulated by dynamic DNA methylation? Genome-wide mapping suggested that the majority of DNA methylation occurs on promoters with low or intermediate amounts of CGs (Weber et al., 2007; Fouse et al., 2008; Meissner et al., 2008; Mohn et al., 2008) . In contrast to the promoters with high CG amounts (CpG-rich promoters), the methylation of promoters containing low amounts of CGs (CpG-poor promoters) seems not to preclude the binding of RNA polymerase II (Pol II). This unexpected observation led to a model where a low number or density of methylated CGs would not repress gene transcription (Weber et al., 2007; Mohn et al., 2008) , probably due to the low affinity to methyl-binding proteins. However, the afore-mentioned studies were based on the quantification of immunoprecipitated methyl-cytosine-or Pol II-associated promoters in an unsynchronized cell population. Therefore, the final output reflected the average value from a mixed population of cells in different stages, that is, from cells in which the analyzed promoter might have contained bound Pol II and was transcribed, and also from cells in which the analyzed promoter might have been methylated and repressed. Given the recent discovery that cyclic DNA de/methylation is observed in synchronized cells (Kangaspeska et al., 2008; Metivier et al., 2008) , it is (Reik, 2007) . Adverse conditions during the prenatal (for example, cocaine intake of pregnant mothers) and postnatal (for example, child abuse) life seem also to alter DNA methylation postnatally and were proposed to contribute to the late onset of some complex diseases (depression, schizophrenia, cancer and so on; Szyf, 2009). Dynamic changes in gene-specific methylation have been detected in the adult brain and might be a consequence of neuronal activity (Miller and Sweatt, 2007; Lubin et al., 2008; Ma et al., 2009b) .
Whether the dynamics of DNA methylation changes with aging is unknown.
M Covic et al possible that the CG-poor promoters might also show dynamic DNA methylation, reflecting their cycling transcription. In addition, despite the very low CG content of the analyzed estrogen-responsive gene pS2, the cyclic recruitment of methyl-binding proteins observed by Metivier et al. (2008) suggested that low densities of CG methylation also may recruit methylbinding proteins. In contrast to the CG-poor promoters, the CG-rich promoters preferentially stay unmethylated and only some become methylated during differentiation or during prolonged passaging in vitro. This led to the hypothesis that the CG-rich and CG-poor regulatory elements undergo distinct modes of epigenetic regulation Mohn and Schubeler, 2009 ). Previously mentioned genes that undergo dynamic changes in their promoter methylation show a similar tendency. Cyclically demethylated and methylated CGs of the estrogen-responsive pS2 gene are inside the CG-poor region . Transiently demethylated CGs of Fgf-1 and Bdnf from the study by Song group (Ma et al., 2009b) and CGs of Reelin and Bdnf genes from the study by Sweatt group (Miller and Sweatt, 2007; Lubin et al., 2008) are also situated in regions with low or moderate CG frequency, respectively. Therefore, it seems plausible that regions having lower CG frequency tend to be easily demethylated and remethylated on appropriate environmental stimuli.
Which mechanisms would enable fast CG demethylations? So far, no genuine DNA demethylase has been identified, despite numerous and often disputed candidates (Ooi and Bestor, 2008; Ma et al., 2009a) . The majority of data suggest that nucleotide or base excision repair machinery could cause the removal of methylated cytosines. Some studies reported the presence of GADD45 proteins. Whether and how the stress protein, GADD45, mediates DNA demethylation is still a controversial topic (Barreto et al., 2007; Jin et al., 2008; Schmitz et al., 2009; Ma et al., 2009b) . Given that active demethylation occurs on numerous neighboring CGs, as shown during electro-convulsive treatment-induced neurogenesis in adult hippocampus (Ma et al., 2009b) , the removal of their methylation through the repair machinery would involve extensive damage to DNA and thus might represent a costly mechanism (Szyf, 2009) . Recent evidence of deaminase activity of DNMTs suggested that DNMTs alone could cause demethylation .
How would the putative DNA demethylases get recruited to the methylated CGs? Some TFs induce DNA demethylation, such as nuclear factor-kappa B (Lichtenstein et al., 1994) , Egr1/NGFI-A/Zif268/ Krox-24 , and the estrogen receptor that co-immunoprecipitates in the complex with DNMTs and the BER machinery . Interestingly, DNA demethylation in vitro seems to follow rather than precede the early transcription and was proposed to represent a memory of actively transcribed genes . Demethylation is observed in response to neuronal activity (Ma et al., 2009b) , which implies that the activity-regulated TFs may participate in the recruitment of putative DNA demethylases. Cyclic AMP response element-binding protein is a prototypic activity-regulated TF that, on neurotrophin activation, stimulates the transcription of its responsive genes in a cyclical manner (Riccio et al., 2006) .
In conclusion, it is still controversial what determines whether CG methylation stays static (irreversible) or dynamic (reversible) during the life. It seems plausible that gene regions with low/moderate CG frequency might be more prone to experience dynamic changes in their methylation, however, whether this is a consequence of their dynamic transcription remains elusive.
Future Challenges
The past decade has witnessed remarkable technical progress that has increased our knowledge of genomewide histone and DNA methylation and their dynamics during differentiation (Mikkelsen et al., 2007; Fouse et al., 2008; Meissner et al., 2008; Mohn et al., 2008; Brunner et al., 2009 ). Development of high-throughput (next-generation) sequencing allowed DNA methylome analysis to be more sensitive and less biased than approaches based on enzymatic digestion or methylated DNA immunoprecipitation combined with hybridization to microarrays (for review, see Lister and Ecker (2009) ). As gene-case studies suggested that even single CG methylation (Mancini et al., 1999; Weaver et al., 2004 Weaver et al., , 2007 Shibuya et al., 2009 ) and non-CG methylation (Inoue and Oishi, 2005) could have a biological relevance, single-base analysis of genome-wide DNA methylation is of critical importance. This is now possible using bisulfite conversion combined with the next-generation sequencing (BS-Seq), which enables strand-specific and single-base resolution profiling of both CG and non-CG methylation (Cokus et al., 2008; Lister et al., 2008 Meissner et al., 2008) . Nevertheless, as all of these studies assessed only the average levels of methylated DNA in a population of cells, further technical advances will hopefully allow us to shift our attention from epigenome changes in a population of cells grown in vitro toward single cells in their intact niche.
Gene-case studies also revealed the unexpected dynamicity of CG methylation in adult neurons and glia on neural circuit activation (Miller and Sweatt, 2007; Lubin et al., 2008; Yang et al., 2009; Ma et al., 2009b ) and led to a partial revision of the 35-year-old idea that DNA methylation irreversibly represses gene expression (Holliday and Pugh, 1975) . Many new questions about the mechanism of DNA methylation-mediated gene expression regulation in mammals have appeared: (i) what is the role of non-CG methylation in stem cells, in which it appears enriched on transcribed strands of gene bodies of highly active genes , and does it occur in different cell types as suggested in some studies? (Woodcock et al., 1987; Mancini et al., 1999) ; (ii) is CG methylation also more pronounced on the transcribed strands, as was described in ERdependent cyclic promoter methylation? ; (iii) do DNA methylation patterns vary among individuals? (Petronis, 2006; Illingworth et al., 2008); (iv) what is the role of 5 0 -hydroximethyl-2 0 -deoxycytidine, an unusual nucleotide that cannot be detected by bisulfite-based approaches, and constitutes 0.2-0.6% of all nucleotides in cerebellar Purkinje and granule neurons? (Kriaucionis and Heintz, 2009 ).
Understanding the complex epigenetic regulation of neuronal activity and adult neurogenesis is integral to designing therapeutic approaches to restore neurogenesis and cognitive functions. It will also give a tremendous insight into understanding how certain environmental or pathological influences, such as stress, physical activity, depression, and epilepsy regulate adult neurogenesis. Epigenome profiling of neurogenesis in adult hippocampus is technically challenging as it requires the analysis of many distinct developmental stages. Methods such as the retroviral labeling of newborn neurons by stereotactic injections into the adult hippocampus (Jagasia et al., 2009 ) and laser microdissection of labeled cells (Khodosevich et al., 2007) could be used to specifically select the neural stem cells and their progeny at distinct developmental stages. Yet, the major bottleneck is the development of low/single cell-based high-throughput sequencing for epigenome profiling of stem cells and their neuronal progeny in the adult brain.
Finally, large-scale DNA methylome profiling of cells in different stages of development or cell cycle might provide us with a list of coding and/or noncoding regions that seem to remain stably methylated (such as inactive X-chromosome and imprinted regions) and a list of genomic regions showing dynamic changes in their methylation pattern. Thus, we may finally start answering a million dollar question in epigenetics today: what distinguishes dynamic (reversible) DNA methylation from static (irreversible) DNA methylation?
